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Abstract—The paper carries out performance analysis of a
multiuser full-duplex (FD) communication system. Multiple FD
UEs share the same spectrum resources, simultaneously, at both
the uplink and downlink. This results in co-channel interference
(CCI) at the downlink of a UE from uplink signals of other UEs.
This work proposes the use of diversity gain at the receiver to
mitigate the effects of the CCI. For this an architecture for the
FD eNB and FD UE is proposed and corresponding downlink
operation is described. Finally, the performance of the system is
studied in terms of downlink capacity of a UE. It is shown that
through the deployment of sufficient number of transmit and
receive antennas at the eNB and UEs, respectively, significant
improvement in performance can be achieved in the presence of
CCI.
Index Terms—Full-duplex, Multiuser Communication, Co-
channel interference, Diversity gain, Downlink Capacity.
I. INTRODUCTION
The inevitable high bandwidth requirement in the future
cellular network has made researchers to come up with
revolutionary ideas in recent times. One such idea is the
introduction of full-duplex (FD) communication. A FD sys-
tems make the simultaneous in-band transceiving feasible,
i.e, simultaneous uplink and downlink operation using the
same spectrum resources. In recent years, extensive work
has been done in the area of self-interference cancellation
(SIC) design, including for compact devices like laptops and
smart phones, enabling FD communication for both single
and multiple antenna transceiver units [1], [2]. The designs
aim in optimal cancellation of interference from the receiver
chains introduced by the transmitter chains of the transceiver
unit. While this is far from true today for cellular networks,
sufficient progress is being made in this direction to start
considering the FD model and its implications [3].
In the conventional LTE system, for uplink and downlink,
single carrier frequency division multiple access (SC-FDMA)
and orthogonal frequency division multiple access (OFDMA)
is used for multiple access respectively. For FD operation,
same subcarriers can be allocated to a UE for uplink and
downlink. Hence, the use of SC-FDMA for both uplink and
downlink is proposed [4], due to its advantages over OFDMA
in terms of bit error rate (BER) performance and energy
efficiency [5].
In this work, multiple user equipments (UEs) are considered
operating in FD mode on the same set of subcarriers simul-
taneously. However, the use of the same subcarriers for both
uplink and downlink results in co-channel interference (CCI)
in downlink of a UE from uplink signals of other UEs oper-
ating in the same subcarriers. The prior work [4], considers
deploying the smart antenna technique at the UEs with highly
spatially correlated multiple antennas. In this work, a converse
scenario is considered with a highly scattered environment
which prevents the use of the method proposed in [4] to
mitigate the CCI. Hence, here the use of diversity gain at the
UEs is analyzed to mitigate the effect of CCI and allowing the
UEs to share the same spectrum resources. Also, the proposed
architecture for the UE has less computational complexity than
the architecture deploying smart antenna technology proposed
in the previous work.
The rest of the paper is organized as follows. In section
2, the system model for the proposed method is discussed.
Section 3 presents the downlink operation and diversity gain
methodology to tackle the CCI at the downlink of a UE. The
system performance is analyzed through simulations in section
4. Finally, we conclude in section 5.
Notation: [.]T ,(.)H denote transpose and Hermitian respec-
tively. | |.| | denotes the Euclidean norm. (.)d and (.)u denote
downlink and uplink components, respectively.
II. SYSTEM MODEL
In this work, for facilitating FD communication, both the
eNB and UEs operate in FD mode. An FD eNB with Ne
antennas and K FD UEs with Nr antennas is considered each
such that Ne ≥ KNr . Assuming highly scattered environment,
the number of data streams per UE is given by Q = Nr . For
the proposed transceiver architecture shown in fig.1 and fig.2
for eNB and UE respectively, the Analog and Digital SIC
unit at the RF front end, includes the SIC circuitry [1], [2]
enabling the FD communication. The details of SIC design
are not discussed here.
Let each subcarrier allocated be shared by K´ UEs simulta-
neously, where K´ is given by [5]:
K´ = min
( ⌊Ne
Nr
⌋
,K
)
(1)
.
Each UE is allocated M (=
⌊
NK´
K
⌋
) subcarriers, where N is
the total number of subcarriers available. Keeping this in mind,
a case of K´ = K , i.e., all the K UEs are allocated all the N
subcarriers, is considered. However, the appropriate number
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Fig. 1. Transceiver structure for the proposed eNB architecture
Fig. 2. Transceiver structure for the proposed UE architecture
of co-existing UEs depends on the CCI experienced by the
UEs in their downlink and hence can be ≤ K´ . The channel
between each eNB antenna and UEs antenna is assumed
to be frequency selective with L taps. The FD operation
allows the channel reciprocity between downlink and uplink,
hu
j,i,k
(b) = hd
j,i,k
(b), where hu
j,i,k
(b) and hd
j,i,k
(b) denotes bth
time domain uplink and downlink channel coefficient between
j th antenna at the eNB and k th antenna of the ith UE,
respectively, b = 0, 1, 2, ..., L−1, j = 1, 2, ..., Ne, k = 1, 2, ..., Nr
and i = 1, 2, ...,K .
In downlink, the channel reciprocity property of FD com-
munication enables the transmitter (eNB) to acquire CSI with
ease. The CSI can be used for precoding the UE data at eNB
to perform the SVD based beamforming. In the uplink, suc-
cessive interference cancellation with optimal ordering (SSIC-
OO) algorithm [4] is used at the eNB to segregate signals
of UEs sharing the same subcarriers. In [4], a smart antenna
approach is deployed to avoid the CCI at downlink of UEs.
Here, the paper concentrates on the downlink operation and to
avoid CCI at downlink of a UE, diversity combining technique
is used to minimize interference from the uplink signals of
other co-existing UEs.
III. FULL-DUPLEX MULTIUSER DOWNLINK OPERATION
In the downlink, let xdi denote the ith UE information data
block of length M , shown in fig.1. The output of the M-point
DFT block is given by:
x¯di = FMxdi (2)
where i = 1, 2, ...,K , FM is the M-point DFT matrix and
xdi = [xdi (1), xdi (2), ..., xdi (m), ..., xdi (M)]T . xdi (m) is the mth
data symbol of ith user and unlike in [5] same M symbols are
transmitted in all the Q data streams. This output is then passed
through the pre-processing / subcarrier allocation block. Let
Pim denotes NeXQ precoding vector for the ith UE on the mth
subcarrier. The precoded output vector of size NeX1 for the
ith UE on the mth subcarrier is given by:
zdi (m) = Pimx˜di (m) (3)
where m = 1, 2, ...,M and zdi (m) =[zd
i,1(m), zdi,2(m), ..., zdi,Ne (m)]T . x˜di (m) = (x¯di (m)J1,Q)T
where x¯di (m) is the mth element of x¯di and J1,Q is the 1XQ
unit matrix. Let Ai , represents the NXM subcarrier allocation
matrix for the ith UE [5]. The transmit signal vector, at the
j th antenna of the eNB, after subcarrier allocation and IDFT
operation is given by:
sdj = F¯Nedj (4)
where j = 1, 2, ..., Ne, F¯N denotes the N-point IDFT matrix,
edj =
∑K
i=1 Aizdi, j and zdi, j = [zdi, j(1), zdi, j(2), ..., zdi, j(M)]T . This
signal is then transmitted after the addition of the cyclic prefix
(CP).
In this work, the UE transceiver unit (Fig.2) consists of a
uniformly spaced linear antenna array of Nr elements with
an inter element distance of h. The angle with respect to the
array normal at which the plane wave impinges upon the array
is represented as ψ. Each k th antenna introduces some phase
delay αk−1x = exp(− j2pi(k−1)hλ sin(ψx)) to the received signal,
where λ is the wavelength. The index x = e for direction of
arrival (DoA) of the eNB (ψe) w.r.t lth UE or x = q for DoA of
the qth UE (q , l) w.r.t lth UE, whose uplink signal results in
CCI at downlink of the lth UE. Algorithms like Root-MUSIC
(due less computational complexity) can be used for estimating
the DoAs. However, the proposed method is independent of
availability of information about DoA of interfering UEs.
At the lth UE, the downlink received signal at k th antenna
is obtained after multiplying the factor 4k followed by SIC
cancellation in receive chain, where 4k = (αk−1e )∗. This is
required for co-phasing of the downlink signal from the eNB
by removing the phase (αk−1e ) introduced by the k th antenna
[6]. Hence, the received signal at k th antenna, is given by:
ydl,k =
Ne∑
j=1
hdj,l,k ⊗ sdj + nl,k
+
[ K∑
q=l
q,l
Nr∑´
k=1
hu
q,k´,l,k
⊗ su
q,k´
]αk−1q 4k (5)
where l = 1, 2, ...,K , k = 1, 2, ..., Nr . ⊗ denotes
the circular convolution operation. yd
l,k
is NcpX1 vector
where Ncp is the receive symbol size with CP. hdj,l,k =
[hd
j,l,k
(0), hd
j,l,k
(1), ..., hd
j,l,k
(L−1), (Ncp−L)zeros]T is the com-
plex i.i.d Rayleigh fading channel coefficient between j th
antenna of the eNB and k th antenna of the lth UE in the down-
link. nl,k ∈ N(0, σ2nINcp ) is the channel noise at k th antenna
of the lth UE. hu
q,k´,l,k
= [hu
q,k´,l,k
(0), hu
q,k´,l,k
(1), ..., hu
q,k´,l,k
(L −
1)), (Ncp − L)zeros]T is the complex i.i.d Rayleigh fading
channel coefficient between k´ th antenna of the qth UE and
k th antenna of the lth UE. su
q,k´
is the uplink signal from k´ th
antenna of the qth UE. αk−1q is the spatial response (or the
phase delay) of k th antenna of the lth UE in the DoA of ψq .
This signal can be represented by:
ydl,k =
Ne∑
j=1
hdj,l,k ⊗ sdj + Il,k (6)
where Il,k = nl,k +
[ ∑K
q=l
q,l
∑Nr
k´=1
hu
q,k´,l,k
⊗ su
q,k´
]
αk−1q 4k is
the noise and interference suffered by the lth UE at the k th
antenna. After the removal of CP, the signal is converted to
the frequency domain:
y˜dl,k = FNy
d
l,k =
Ne∑
j=1
Hdj,l,ke
d
j + I˜l,k (7)
where FN is the N-point DFT matrix. Hdj,l,k =
diag(FNhdj,l,k) is the NXN diagonal matrix whose diagonal
elements are frequency domain coefficients between j th trans-
mit antenna of the eNB and k th antenna of the lth UE.
The signal is then subjected to the subcarrier deallocation
and after simplifications [4], [5], we get:
y¯dl (m) = Hdl (m)
K∑
i=1
Pimx˜di (m) + I¯l(m) (8)
where y¯l(m) = [y¯l,1(m), y¯l,2(m), ..., y¯l,Nr (m)]T , y¯l,k(m) is the
mth element of y¯l,k = A¯i y˜dl,k . A¯
i is the MXN deallocation
matrix given by A¯i = (Ai)T . Hd
l
(m) is the NrXNe frequency
domain channel coefficient matrix of the lth UE on the mth
subcarrier. (k, j)th entry in the Hd
l
(m) is the mth diagonal ele-
ment of matrix Hd
j,l,k
. I¯l(m) is channel noise and interference
for the lth UE on the mth subcarrier.
The SVD decomposition of channel matrix is given by
Hd
l
(m) = Ud
m,l
Ed
m,l
(Vd
m,l
)H . Ud
m,l
is a NrXQ unitary matrix
containing the eigenvectors corresponding to non-zero eigen-
values of Hd
l
(m)(Hd
l
(m))H , Ed
m,l
is a QXQ diagonal matrix
containing the non-zero eigenvalues (λd
m,l
) of Hd
l
(m)(Hd
l
(m))H
such that Ed
m,l
= diag((λd
m,l,1)1/2, (λdm,l,2)1/2, ..., (λdm,l,Q)1/2)
and Vd
m,l
is a NeXQ unitary matrix containing the eigenvectors
corresponding to non-zero eigenvalues of (Hd
l
(m))HHd
l
(m).
The received signal vector on the mth subcarrier due to all
UEs sharing the subcarriers is hence can be given by:
y¯d(m) = UdmEdm(Vdm)HPmx˜d(m) + I¯(m) (9)
where y¯d(m) = [(y¯d
l
(m))T , (y¯d2 (m))T , ..., (y¯dK (m))T ]T , Udm =
diag(Ud
m,1,Udm,2, ...,Udm,K ), Vdm = [Vdm,1,Vdm,2, ...,Vdm,K ],
Edm = diag(Edm,1,Edm,2, ...,Edm,K ), Pm = [P1m,P2m, ...,PKm],
x˜d(m) = [(x˜d1 (m))T , (x˜d2 (m))T , ..., (x˜dK (m))T ]T and I¯(m) =[(I¯1(m))T , (I¯2(m))T , ..., (I¯K (m))T ]T .
The interference from the downlink of other UEs on the lth
UE can be completely eliminated by choosing the precoding
matrix as Pm = [(Vdm)H ]+ which is the pseudo inverse of Vdm.
At the lth UE, the received signal on the mth subcarrier after
post-processing, .i.e, multiplying with (Ud
m,l
)H is given by [5]:
y˜dl (m) = Edm,l x˜dl (m) + I˜l(m) (10)
Now, defining E¯d
m,l
=
[Ed
m,l
(1, 1), Ed
m,l
(2, 2), ..., Ed
m,l
( j, j), ..., Ed
m,l
(Q,Q)]T where
Ed
m,l
( j, j) is the j th diagonal element of Ed
m,l
. As
x˜d
l
(m) = (x¯d
l
(m)J1,Q)T , above equation can be rearranged to:
y˜dl (m) = E¯dm,l x¯dl (m) + I˜l(m) (11)
Now, assuming rich scattering environment and equal chan-
nel conditions between the lth UE and K − 1 interfering UEs
(especially in a small cell scenario), the received signal for the
lth user on the mth subcarrier can be obtained by MRC 1 [6]
as:
ˆ¯xdl (m) = ((E¯dl (m))H (E¯dl (m))−1(E¯dl (m))H y˜dl (m) (12)
This signal for the lth UE is then converted to time domain
by an M-point IDFT operation given by:
xˆdl = F¯M ˆ¯x
d
l (13)
where l = 1, 2, ...,K and F¯M is M-point inverse IDFT
matrix and ˆ¯xdl = [ ˆ¯xdl (1), ˆ¯xdl (2), ..., ˆ¯xdl (M)]T . This is used for
decoding of signal for the lth UE. For the analysis of system
performance, the effective SINR (γe f f m
l
) 2 is considered for
the lth UE on the mth subcarrier from the equation (12):
γe f f m
l
= [σ2n¯l +
K∑
q=l
q,l
σ2qβ
q
m]−1 | |E¯dm,l | |2(βlmQ−1) (14)
where σ2n¯l = E[|n¯l,k(m)|2], ∀m, l, k such that n¯l,k(m) is the
frequency domain i.i.d noise variable for k th antenna of the
lth UE on the mth subcarrier.
∑K
q=l
q,l
σ2qβ
q
m is the total interfer-
ence power, such that σ2q = |Huq,k´,l,k(m)|
2, ∀m, k´, k, l, k where
Hu
q,k´,l,k
(m) is the frequency domain i.i.d channel coefficient
between k´ th antenna of the qth UE and k th antenna of the lth
UE on the mth subcarrier and βqm = | x˜uq (m)|2, ∀m is the total
uplink power allocated to the signal of the qth UE on the mth
subcarrier. βlm = | x˜dl (m)|2, ∀m, l is the total power allocated
1MMSE equalizer requires knowledge of covariance of the interference at
the receiver. As this information is not available at the UE in downlink, MRC
is deployed which requires only the downlink channel estimate.
2In this work, equal power allocation across all the Q streams and Nr
streams is considered at the downlink and uplink, respectively.
to downlink signal of the lth UE on the mth subcarrier. Now,
considering βlm ≥ βqm, ∀m, q, to simplify the equation (14), we
take βqm = βum, ∀m, q, βlm = Qβum and σ2q = σ2u, ∀q. Hence, the
equation (14) can be expressed as:
γe f f m
l
= [σ2n¯l + (K − 1)σ2u βum]−1 | |E¯dm,l | |2βum (15)
The derivation of the expression is included in the appendix.
It is important to observe that the effective SINR can be
controlled by the gain factor, .i.e, | |E¯d
m,l
| |2. This is discussed
through simulation results in the next section.
IV. SIMULATION RESULTS
To validate the inclusion of SIC design in the FD system
in the proposed architecture, MATLAB simulations are carried
out for BER performance in downlink and uplink in [4]. Here,
an FD eNB and three spatially uncorrelated FD UEs (say
UE1, UE2 and UE3) sharing the same spectrum resources at
both the downlink and uplink, are considered. The capacity
3 (bits/s/Hz) at the downlink of UE1 is analyzed with two
other UEs acting as the interference source. This work assumes
perfect cancellation of self-interference for the FD operation.
The channel between each antenna of eNB and UEs’ is taken
as frequency selective with L = 10. The modulation scheme
used is 16-QAM (no coding). The bandwidth allocated to the
UEs is taken to be 3 MHz which is split into 256 subcarriers,
out of which 180 subcarriers are occupied by the UEs. A cyclic
prefix of duration 4.69µs is used. The transmit powers of the
UEs are normalized to unity, .i.e, βum = 1, ∀m
Fig.3 and fig.4 show the downlink capacity of UE1 vs.
the channel SNR for the increasing number of the receive
antennas (Nr ) and transmit antennas (Ne) at the UEs and the
eNB, respectively. In case of the increasing Nr at the UEs,
the number of transmit antennas at the eNB is kept constant
at Ne = 20. It can be seen from fig.3 that with the increase in
Nr , there is an improvement in the downlink capacity of the
UE. This improvement is due to the increase in the diversity
order which results in higher magnitude of | |E¯d
m,l
| |2, ∀m, l
improving the γe f f m
l
, ∀m. Similarly, for the increasing (Ne)
at the eNB, the number of receive antennas at the UE is kept
constant at Nr = 4. An improvement in the downlink capacity
of the UE can be observed (fig.4) with the increase in Ne.
This is due to increase in magnitude of each eigenvalues, .i.e,
Ed
m,l
( j, j), j = 1, 2, ...,Q, ∀m, l resulting in the higher | |E¯d
m,l
| |2
and hence improving the γe f f m
l
. Also, from fig.3 and fig.4, it
can be observed that at the higher channel SNR region, the
downlink system performance is only interference limited.
In all the above simulations, with the increase in Nr and Ne,
the downlink capacity approaches the ideal value where there
is no CCI, .i.e, K = 1. The results are also compared with
the conventional scenario of no diversity gain at the UE, .i.e,
Nr = 1. It can be observed that there is a significant improve-
ment in the downlink capacity with the diversity gain. Hence,
increasing both Nr and Ne improves the system performance
3The capacity here is defined as number of correct bits received per second
per Hertz
Fig. 3. Downlink capacity vs channel SNR of UE1 for different Nr
Fig. 4. Downlink capacity vs channel SNR of UE1 for different Ne
at the downlink in the presence of CCI. However, increasing
Nr at the UEs, increases the computational complexity at
the UEs including the power consumption. With the power
consumption not a constraint at the eNB, comparatively, and
profound research on massive MIMO (deploying large Ne) in
recent years [7], the prospect of using large antennas arrays
at eNB to tackle the CCI in case of the FD downlink seems
so be encouraging. Moreover, the channel reciprocity property
of the FD communication will aid the CSI actualization at the
eNB.
V. CONCLUSION
In this paper, an analysis is carried out to show the use of
diversity gain in making the multiuser full-duplex communi-
cation feasible. An architecture for the FD eNB and FD UE
enabling the corresponding downlink operation is described
and performance of the system is studied in terms of the
downlink capacity for a UE. From the simulation, it can
be seen that the downlink capacity of a UE is significantly
improved in the presence of CCI by increasing the number
of receive and transmit antennas. However, the use of large
number of antennas at eNB is suggested to be a favorable
option keeping in mind the power constraint at the UEs and
encouraging progress made in the field of massive MIMO.
APPENDIX
The noise and interference in the equation (6) is given by:
Il,k = nl,k +
[ K∑
q=l
q,l
Nr∑´
k=1
hu
q,k´,l,k
⊗ su
q,k´
]
αk−1q 4k (16)
After removing the CP and converting it to the frequency
domain, we have:
I˜l,k = FN Il,k
= n˜l,k +
[ K∑
q=l
q,l
Nr∑´
k=1
Hu
q,k´,l,k
xu
q,k´
]
αk−1q 4k (17)
where Hu
q,k´,l,k
= diag(FNhu
q,k´,l,k
) is the NXN diagonal
matrix whose diagonal elements are frequency domain coef-
ficients between k´ th transmit antenna of the qth UE and k th
receive antenna of the lth UE. xu
q,k´
is the transmit signal from
k´ antenna of the qth UE. This signal is then subjected to
the subcarrier deallocation and after simplifications, similar to
equation (8), we get:
I¯l(m) = n¯l(m) +
K∑
q=l
q,l
αq4Huq,l(m)x¯uq(m) (18)
where I¯l(m) = [I¯l,1(m), I¯l,2(m), ..., I¯l,Nr (m)]T , αq =
diag(α0q, α1q, ...., αNr−1q ) and 4 = diag(41, 42, ..., 4Nr ).
Hu
q,l
(m) is the NrXNr frequency domain channel coefficient
vector between the lth U and the qth UE on the mth subcarrier.
This signal for k th antenna of the lth UE is given by:
I¯l,k(m) = n¯l,k(m) +
[ K∑
q=l
q,l
Nr∑´
k=1
Hu
q,k´,l,k
(m)x¯u
q,k´
(m)
]
αk−1q 4k (19)
Now, considering the fact that the n¯l,k(m) and Hu
q,k´,l,k
(m)
are i.i.d, the power in the above signal is given by:
E[| I¯l,k(m)|2] = σ2n¯l (m) +
K∑
q=l
q,l
Nr∑´
k=1
σ2q(βqmN−1r )
= σ2n¯l (m) +
K∑
q=l
q,l
σ2qβ
q
m, ∀l, k
(20)
The signal is now subjected to post-processing from equa-
tion (10), .i.e, multiplying with (Ud
m,l
)H :
I˜l(m) = (Udm,l)H I¯l(m) (21)
where I˜l(m) = [I˜l,1(m), I˜l,2(m), ..., I˜l,Q(m)]T . As Q = Nr and
Ud
m,l
is an unitary matrix, we have |I˜l(m)|2 = |I¯l(m)|2. The
power of the signal at the j th data stream of the lth UE is
given by:
E[| I˜l, j(m)|2] = E[| I¯l,k(m)|2]
= σ2n¯l (m) +
K∑
q=l
q,l
σ2qβ
q
m, ∀ j (22)
The received signal for the lth user at the mth subcarrier
obtained by MRC is given in equation (12) as:
ˆ¯xdl (m) = ((E¯dl (m))H (E¯dl (m))−1(E¯dl (m))H y˜dl (m)
= x¯dl (m) + ((E¯dl (m))H (E¯dl (m))−1(E¯dl (m))H I˜l(m)
(23)
From this signal, the interference and noise term is repre-
sented by:
In = ((E¯dl (m))H (E¯dl (m))−1(E¯dl (m))H I˜l(m) (24)
As the elements of I˜l(m) are i.i.d, the power in the above
signal is given by:
E[|In |2] = [| |Edm,l | |2]−1 | I˜l,k(m)|2
= [| |Edm,l | |2]−1(σ2n¯l (m) +
K∑
q=l
q,l
σ2qβ
q
m) (25)
Hence, the effective SINR (γe f f m
l
) for the lth UE on the
mth subcarrier can now be given by:
γe f f m
l
= [σ2n¯l +
K∑
q=l
q,l
σ2qβ
q
m]−1 | |E¯dm,l | |2 | x¯dl (m)|2
= [σ2n¯l +
K∑
q=l
q,l
σ2qβ
q
m]−1 | |E¯dm,l | |2(βlmQ−1)
(26)
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